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blot analysis, RT-gPCR and immunohistochemistry.

approach to overcome immune evasion by tumor cells.

Background: Pancreatic ductal adenocarcinoma is one of the leading causes of cancer-related death worldwide.
Immune checkpoint blockade therapy, including anti-PD-1 and anti-PD-L1, is a new therapeutic strategy for cancer
treatment but the monotherapy with PD-L1 inhibitors for pancreatic cancer is almost ineffective for pancreatic
cancer. Thus, exploring the regulatory mechanism of PD-L1 in cancer cells, especially in pancreatic cancer cells, is
one of the key strategies to improving cancer patient response to PD-L1 blockade therapy. Histone acetyltransferase
1(HAT1) is a classic type B histone acetyltransferase and the biological role of HAT1 in pancreatic cancer is unclear.

Methods: The clinical relevance of HAT1 was examined by the GEPIA web tool, Western blotting and
immunohistochemistry of pancreatic cancer tissue microarray slides. Tumor cell motility was investigated by MTS
assay, colony formation assay and xenografts. The relationship between HAT1 and PD-L1 was examined by Western

Results: HAT1 was upregulated in PDAC and associated with poor prognosis in PDAC patients. The knockdown of
HAT1 decreased the proliferation of pancreatic cancer cells in vivo and in vitro. Strikingly, we showed that HATT
transcriptionally regulated PD-L1, and this process was mainly mediated by BRD4 in pancreatic cancer. The
knockdown of HAT1 improved the efficacy of immune checkpoint blockade by decreasing the PD-L1.

Conclusions: The recognition of HATT in regulating tumor cell proliferation and cancer immunity indicated that
HATT might be employed as a new diagnostic and prognostic marker and a predictive marker for pancreatic cancer
therapy, especially in immune checkpoint blockade therapy. Targeting HAT1 highlights a novel therapeutic
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Background

Pancreatic ductal adenocarcinoma (PDAC) is one of the
leading causes of cancer-related death worldwide [1]. Re-
sistance to chemotherapy and radiotherapy results in the
poor prognosis of PDAC [2]. Immunotherapy is a new
therapeutic strategy for cancer treatment and has made
a profound progress in prolonging the survival time
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patients with of various types of tumors [3]. However,
the immunotherapy is almost ineffective for pancreatic
cancer [4]. Therefore, exploring the underlying mecha-
nisms is urgently needed to overcome the resistance to
immunotherapy in pancreatic cancer.

Tumors evade immune surveillance by the aberrant
activation of inhibitory pathways that regulate the func-
tion of T lymphocytes, known as immune checkpoints
[5]. Programmed death-ligand 1 (PD-L1, B7-H1) is a
member of the B7 family of cell surface ligands on can-
cer cells surfaces, which binds the programmed death-1
protein (PD-1) receptor to induce T cell apoptosis and
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inhibit cytotoxic T-cell activation within cancer tissues
[6-9]. Given that the blockade of the PD-1/PD-L1 inter-
action can reactivate T-cell responses, a few anti-PD-1
and anti-PD-L1 antibodies have been approved for the
treatment of human cancers in the clinic [10]. However,
monotherapy with PD-L1 inhibitors for pancreatic can-
cer has resulted in disappointing outcomes in clinical
trials [11]. A growing body of evidence suggests that the
expression level of PD-L1 in cancer cells is highly associ-
ated with the response to immune checkpoint therapies
[12]. Thus, exploring the regulatory mechanism of PD-
L1 in cancer cells, especially in pancreatic cancer cells, is
one of the key strategies to improve cancer patient
response to PD-L1 blockade therapy.

Histone acetyltransferase 1 (HAT1) is a classic type B
histone acetyltransferase, and it can only acetylate newly
synthesized histone H4 and not nucleosomal histone
[13].HAT1 was the first histone acetyltransferase identi-
fied and is one of the most poorly understood members
of this family [13]. HAT1 is overexpressed in multiple
types of solid tumors, including esophageal [14], lung
cancer [15] and liver cancer [16], and acts as an onco-
protein to promote tumorigenesis. It has been reported
that HAT1 functions as a transcription factor to regulate
the expression of various genes, such as Bcl2L12 [17]
and Fas [15], and modulates cancer cell proliferation
[16], apoptosis [15] and metabolism [16].

To date, the biological effect and clinical relevance of
HAT1 in pancreatic cancer is poorly understood. In this
study, we sought to determine the specific role of HAT1
in pancreatic cancer. First of all, we demonstrated that
HAT1 was overexpressed in pancreatic cancer and
linked with poor prognosis in PDAC patients. Then, our
data showed that HAT1 acted as a tumor growth pro-
moting protein in pancreatic cancer cells. Strikingly,
HAT1 was involved in the cancer immunity response by
regulating the PD-L1 expression, and this process was
mainly mediated by BRD4. Taken together, our results
demonstrate that aberrant expression of HAT1 promotes
tumorigenesis by modulating the cancer cell growth and
the immune response in pancreatic cancer.

Materials and methods

Cell culture

All pancreatic cancer cell lines including PANC-1,
BxPC-3 and MIA PaCa-2 were purchased from the
Chinese Academy of Science Cell Bank, and the Panc 02
cells were obtained from Tong Pai Technology (Shang-
hai, China). These cell lines were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) medium (Invitrogen,
USA) supplemented with 10% fetal bovine serum (FBS)
(HyClone, USA). All cell lines were routinely maintained
at 37°C in a 5% CO, incubator.
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Plasmids, antibodies and chemicals

Mammalian expression vectors for Flag-HAT1 recom-
binant proteins were generated using the pcDNA3.1
backbone vector. The HAT1 antibody (ab194296) was
purchased from Abcam (working dilution 1:2000);
beta-tubulin (2128S) was from Cell Signaling Technol-
ogy - (working dilution 1:5000); BRD4 (ab128874) was
from Abcam (working dilution 1:1000); PD-L1 (13684S)
was from Cell Signaling Technology (working dilution
1:1000); and H4K5ac (ab17343) was from Abcam (work-
ing dilution 1:1000). Ascorbate was purchased from
Sigma-Aldrich (Shanghai, China).

Western blot of cells and tissue specimens

The ethics of using human tissue (12 pairs of matched
pancreatic cancer/adjacent noncancerous tissues) was
approved by the local ethics committee (Tongji Medical
College, China), and written informed consent was ob-
tained from patients prior to surgery exactly as described
previously [18]. The cells or the tissue specimens were
lysed with lysis buffer (Beyotime, China) containing 1%
protease and phosphatase inhibitors. The protein
concentration was determined with a protein assay kit
(Pierce Biotechnology, USA). Equal amounts of protein
for each sample were separated using SDS-PAGE gels
and transferred onto PVDF membranes (Pierce Biotech-
nology, USA). The membranes were subsequently
blocked in 5% not-fat milk for 1h at room temperature,
followed by incubation with primary antibody overnight
at 4°C. The membranes were then washed with 1x
TBST and incubated with a secondary antibody for 1 h.
Finally, the membranes were treated with ECL detection
reagents and exposed to X-ray films.

Real-time RT-PCR

Total RNA was extracted from the cells using Trizol
reagent (Thermo Fisher Scientific, USA). First strand
c¢DNA was synthesized from 2 pg RNA using a cDNA
Reverse Transcription kit (PrimeScript™ RT reagent Kit,
Code No. RR037A), and real-time PCR analysis was
carried out with a PCR kit (TB Green™ Fast JPCR Mix,
Code No. RR430A) according to the manufacturer’s
protocols. The two kits were purchased from Takara Bio
Inc. (Shigo, Japan). All the values were normalized to
actin, and the 2-ACt method was used to quantify the
fold change. The primers used for RT-qPCR are pro-
vided in Additional file 1: Table S1.

Chromatin immunoprecipitation (ChIP) and ChIP-qPCR

ChIP was performed following the manufacturer’s
instructions for the Chromatin Extraction Kit (Abcam,
ab117152, USA) and ChIP Kit Magnetic - One Step
(Abcam, ab156907, USA) [19]. BRD4 (Cell Signaling
Technology, 13,440, dilution 1:50) was used for the ChIP
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assay. The purified DNA was analyzed by real-time PCR
with a PCR kit (Takara Bio Inc., Japan) according to the
manufacturer’s protocols [20]. The primers for ChIP-qPCR
are provided in Additional file 1: Table S2.

Tissue microarray and immunohistochemistry (IHC)

The tissue microarray slides were purchased from Outdo
Biobank (Shanghai, China) (HPan-Ade060CD-01). The
tissue microarray specimens were immunostained with
PD-L1 (Cell Signaling Technology, 13,684, dilution 1:
1000) and HAT1 antibodies (Abcam, ab194296, dilution
1:3000) as described previously. Staining intensity was
scored in a blinded fashion: 1=weak staining at 100x
magnification but little or no staining at 40x magnifica-
tion; 2 = medium staining at 40x magnification; 3 = strong
staining at 40x magnification [21]. The degree of immu-
nostaining was reviewed and scored by two independent
pathologists who were blinded to the clinical details. The
scores were determined by the percentage of positive cells
multiplied by the staining intensity.

RNA interference
The lentivirus-based control and gene-specific sShRNAs
were purchased from Sigma-Aldrich. Lipofectamine
2000 was used to transfect 293 T cells with shRNA
plasmids and viral packaging plasmids (pVSV-G and
pEXQV). Twenty-four hours after transfection, the
medium was replaced with fresh DMEM, containing
10% FBS and 1 mM of sodium pyruvate. Next, 48 h post
transfection, the virus culture medium was collected and
added to the PANC-1, MIA PaCa-2 and BxPC-3 cells
supplemented with 12 pg/ml of polybrene. Twenty-four
hours after infection, the infected cells were selected
with 10 pg /ml of puromycin. The shRNA sequence
information is provided in Additional file 1: Table S3.
The pTsin lentiviral expression vector was used to
generate lentiviral plasmids for pTsin-Flag-HAT1. Lipo-
fectamine 2000 was used to transfect 293 T cells with
the pTsin expression plasmid and viral packaging plas-
mids (pHR’ CMV3J 9.8 and pVSV-G). Twenty-four hours
after transfection, the medium was replaced with fresh
DMEM, containing 10% FBS and 1 mM of sodium pyru-
vate. Next, 48 h post transfection, the virus culture
medium was collected and added to PANC-1 cells sup-
plemented with 12 pg/ml of polybrene. Twenty-four
hours after infection, the infected cells were selected
with 10 pg/ml of puromycin.

Cell proliferation assay

Cell viability was evaluated using the MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt) assay according
to the manufacturer’s instructions (Abcam, USA). Briefly,
the pancreatic cancer cells (1 x 10 cells) were seeded in
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96-well plates with 100 ul of culture medium. The cells
were treated with serial concentrations of small molecular
inhibitors. After 72h, 20yl of MTS reagent (Abcam,
USA) was added to each well of the cells and incubated
for 1h at 37°C in standard culture conditions. The ab-
sorbance was measured in a microplate reader at 490 nm.

Generation of PDAC xenografts in nude mice

The BALB/c-nu mice (4—5weeks of age, 18-20g) were
purchased from Vitalriver (Beijing, China) and randomly
divided into two groups (n = 7/group) for the subcutane-
ous inoculation with 5x 10° of PANC-1 cells infected
with shControl or shHAT1 lentivirus in the left dorsal
flank of the mice. The tumors were examined every
other day for 21 days; the length and width measure-
ments were obtained with calipers to calculate the tumor
volumes by using the eq. (L x W?)/2. On day 21, the ani-
mals were euthanized, and the tumors were excised and
weighed. All the animal experimental procedures were
approved by the Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technology.

Survival analysis and correlation analysis using the GEPIA
web tool

The online database Gene Expression Profiling Inter-
active Analysis (GEPIA, http://gepia.cancerpku.cn/index.
html.) [22] was used to analyze the RNA sequencing
expression data related to our project based on The
Cancer Genome Atlas (TCGA) and the Genotype-Tissue
Expression (GTEx) projects. GEPIA performs survival
analyses based on gene expression levels and uses a
log-rank test for hypothesis evaluation. GEPIA performs
a pairwise gene correlation analysis for any given set of
TCGA and/or GTEx expression data using Pearson
correlation statistics.

Generation and treatment of Panc 02 xenografts in mice

Six-week-old C57BL/6 mice were purchased from
Charles River Laboratories (Wuhan, China). All the
animal experimental procedures were approved by the
Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology. Panc 02 cells
(5x10° in 100l 1 x PBS) infected with shControl or
shHAT1 lentivirus were injected s.c. into the right flank
of mice. The volume of xenografts was measured every
other day and calculated using the formula LxW?x0.5.
After the xenografts reached a size of approximately 50
mm?®, mice carrying similar types of tumors were
randomized into different groups and treated with
anti-PD-1 (BioXcell, Clone RMP1-14)/IgG (BioXcell,
Clone 2A3) (200 pg, ip., given at days 0, 3, 6); or
anti-PD-L1 (BioXcell, Clone 10F.9G2)/IgG (BioXcell,
Clone MPC-11) (200 pg, i.p., given at days 0, 3, 6). Mice
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were euthanized and tumors were collected from all
animals once the tumors reached a volume of 200 mm?.

Flow cytometry analysis

The PANC-1, MIA PaCa-2 and BxPC-3 cells infected
with control or HAT1-specific shRNAs were harvested
and washed with PBS. Cells were fixed in 4% parafor-
maldehyde for 15min. After washing with PBS, cells
were incubated with ice-cold 100% methanol for 30 min
on ice. Cells were washed with PBS and incubated with
PD-L1 antibody (Biolegend, APC anti-human CD274,
clone 29E2A3) or isotype IgG (Biolegend, APC
anti-human IgG Fc Antibody, clone HP6017) for 15 min
at room temperature. After washing three times with
PBS, the cells were resuspended in PBS and analyzed by
flow cytometry.

For flow cytometry analysis of the mouse tissue sam-
ples, the tumors were cut into small pieces and digested
with 2 mg/ml collagenase (Sigma, USA) in DMEM for 1
h at 37°C. Cells were filtered through a 70 um nylon
strainer and resuspended in red blood cell lysis buffer
(Biolegend) for 3 min at room temperature. The cells
were then suspended in PBS with 2% BSA and costained
with the following antibodies: CD45 (Biolegend, 103,112,
APC conjugated); CD4 (Biolegend, 100,510, FITC conju-
gated); CD8 (Biolegend, 100,708, PE conjugated); CD11b
(Biolegend, 101,212, APC conjugated); and Grl ((Biole-
gend, 108,406, FITC conjugated)). After incubation with
antibody for 15 min, the cells were washed with PBS and
analyzed by flow cytometry.

Statistical analysis

Statistical analyses were performed with one-sided or
two-sided paired Student’s t-test for single comparison
and one-way ANOVA with a post hoc test for multiple
comparisons. A P value <0.05 was considered statisti-
cally significant. All the values are expressed as the
mean + SD.

Results

HAT1 is up-regulated in PDAC and associated with poor
prognosis in PDAC patients

To investigate the expression level of HAT1 in pancre-
atic cancer, we first analyzed HATI mRNA levels in pan-
creatic cancer and nontumor pancreatic tissues by using
the GEPIA web tool [22]. We found that the mRNA
levels of HAT1 in pancreatic cancer tissues were higher
than in nontumor pancreatic tissues (Fig. 1a). Then, we
sought to determine the HAT1 protein levels in human
PDAC specimens via using the TMA (tissue microarray)
approach. We examined the protein level of the HAT1
by immunohistochemistry (IHC) in PDAC specimens
obtained from a cohort of patients (#=25 normal
pancreatic specimens, n =41 PDAC TMA specimens).
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The IHC staining score was evaluated by measuring
both the percentage of cells that stained positive for the
marker and the staining intensity [20]. We showed that
HAT1 was significantly overexpressed in PDAC speci-
mens compared with normal pancreatic tissues (Fig. 1b
and c). Similarly, we examined the protein level in
PDAC and paired adjacent nontumor pancreatic tissues
in our hospital via Western blot analysis and demon-
strated that HAT1 was upregulated in PDAC compared
to adjacent non-tumor pancreatic tissues (Fig. 1d and e).
To further identify the clinical relevance of HAT1 in
pancreatic cancer, the survival rate of PDAC patients as-
sociated with HAT1 expression was determined through
GEPIA web tool and The Human Protein Atlas. Our
data indicated that the high expression of HAT1 was
closely correlated with poor prognosis in PDAC patients
(Fig. 1f-g). Together, these data suggest that HAT1 is
upregulated in PDAC and associated with poor progno-
sis in PDAC patients.

HAT1 promotes cell proliferation in pancreatic cancer in
vivo and in vitro

Given that HAT1 functioned as a negative prognostic
biomarker in PDAC, we wanted to explore the specific
role of HAT1 in pancreatic cancer. First, we knocked
down HAT1 with a specific lentiviral short hairpin RNA
in PANC-1, MIA PaCa-2 and BxPC-3 cells (Fig. 2a). The
MTS assay and colony formation assay indicated that
the knock down of HAT1 significantly impeded the cell
growth of the PANC-1, MIA PaCa-2 and BxPC-3 cells
(Fig. 2b and c). On the other hand, we also found that
the overexpression of HAT1 promoted the proliferation
of PANC-1 and BxPC-3 cells (Additional file 1: Figure
Sla and b). The above data were consistent with the data
reported for liver, nasopharyngeal and lung cancer cells
[15-17]. Moreover, to investigate the role of HAT1 in
the tumor growth of PDAC in vivo, PANC-1 cells
infected with control or HAT1-specific shRNAs were
injected subcutaneously into the right flank of nude
mice for the xenograft assay. We found that the knock-
down of HAT1 blocked the growth of PANC-1 xeno-
grafts in mice (Fig. 2d-f). Then, xenografts were
subjected to IHC analysis for Ki-67 expression, the most
commonly used indicator to evaluate cell proliferation
(Fig. 2g). We found that the knockdown of HATI re-
sulted in a decrease in Ki-67 staining compared with the
control group (Fig. 2h). Furthermore, the PANC-1 cells
infected with pTsin-EV or pTsin-Flag-HAT1 used to es-
tablish the control or HAT1-overexpressing pancreatic
cancer stable cell lines, respectively, were injected
subcutaneously into the right flank of nude mice for the
xenograft assay. Our data demonstrated that overex-
pressed HAT1 promoted pancreatic cancer growth in
vivo (Additional file 1: Figure Slc-e). Taken together, our
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findings indicate that HAT1 acts as a growth promoting
protein in pancreatic cancer.

HAT1 transcriptionally increases PD-L1 expression in
pancreatic cancer cells

Since HAT1 was upregulated in PDAC and promoted
cell proliferation in pancreatic cancer cells, the more
biological role of HAT1 needs to be explored. It has
been documented that PD-L1 was inversely correlated
with prognosis in pancreatic cancer [23]. Given the
poorly understood nature of its regulation [24], we

sought to determine whether HAT1 is involved in
PD-L1 regulation. Strikingly, the knockdown of HAT1
decreased the protein and mRNA expression of PD-L1
in the PANC-1, MIA PaCa-2 and BxPC-3 cells
(Fig. 3a-c). Conversely, using a gain of function
approach, we demonstrated that the ectopic expression
of HAT1 led to the up-regulation of PD-L1 expression
in both PANC-1 and MIA PaCa-2 cells (Fig. 3d and e).
A recent study reported that HAT1 was downregulated
by ascorbate through the TET-mediated DNA hydroxy-
methylation pathway [25]. Similarly, the ascorbate
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treatment decreased the protein and mRNA levels of
both PD-L1 and HAT1 in the PANC-1 and BxPC-3
cells (Fig. 3f and g). Then, we sought to examine
whether the effect of ascorbate on PD-L1 expression is
mediated by HAT1 or not. The ascorbate treatment de-
creased PD-L1 expression, and this effect was dimin-
ished after HAT1 knockdown in BxPC-3 cells (Fig. 3h
and i), which indicated that HAT1 played a key role
in modulating the ascorbate-induced PD-L1 down-
regulation of PD-L1. Taken together, our findings
indicated that HAT1 upregulated PD-L1 expression at
the transcriptional level.

PD-L1 is positively correlated with HAT1 in PDAC patient
specimens

To further investigate the relationship between PD-L1
and HAT1, we analyzed the mRNA levels of PD-LI
(CD274) and HATI in a subset of pancreatic cancer
patients (Fig. 4a) [26]. Intriguingly, we found that the
overexpression of PD-L1 (CD274) was accompanied by
the upregulation of HAT1 (p <0.05) (Fig. 4a). Then, we
analyzed the correlation of the mRNA level between
PD-L1 and HAT1 using the GEPIA web tool. Our re-
sults indicated that PD-L1 mRNA is positively correlated

with HAT1 mRNA in pancreatic cancer patient
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lentivirus vectors expressing control or HAT1-specific shRNAs. Forty-eight hours postinfection, the cells were harvested for Western blotting (a),
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specimens (Pearson’s product-moment correlation coeffi-
cient r =047, p =4.4e-11) (Fig. 4b). To further determine
the correlation between HAT1 and PD-L1 in pancreatic
cancer specimens, we examined the expression of these
two proteins by performing immunohistochemistry (IHC)
on a tissue microarray (TMA) containing a cohort of
pancreatic cancer samples (n=41). The IHC staining
index (SI) was calculated by multiplying the percentage of
positively stained cells and the staining intensity. Repre-
sentative images of high and low/no staining of HAT1
and PD-L1 are shown in Fig. 4c. The PD-L1 expression
was positively correlated with the HAT1 level
(Pearson’s product-moment correlation coefficient
r=0.4776, p=0.0016) (Fig. 4d), which was consistent
with the mRNA level correlation reported above.
Together, our results suggest that PD-L1 is positively
correlated with HAT1 in PDAC patient specimens.

Knockdown of HAT1 improves the efficacy of immune
checkpoint blockade by decreasing the PD-L1 expression
in vivo

As described above, HAT1 regulated PD-L1 expression
in human pancreatic cancer cells. We sought to examine
this phenomenon in vivo. First, we knocked down of
Hatl in the murine pancreatic cancer cell line Panc 02
and showed that reducing the Hatl resulted in decreas-
ing the Pd-11 (Fig. 5a and b). These results suggest that
the knockdown of Hatl may enhance the immune
checkpoint blockade efficacy in pancreatic cancer ther-
apy. To test this hypothesis, Panc 02 cells infected with
shControl or shHatl lentivirus were injected subcutane-
ously into immune-proficient mice. Panc 02 tumor-
bearing mice were sham-treated or treated with
anti-PD-1 antibody or nonspecific control IgG as indi-
cated in Fig. 5c. Consistent with the previous results in
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human pancreatic cancer cells (Fig. 2), the knockdown
of Hatl slowed down the cells proliferation of murine
pancreatic cancer cells in vivo (Fig. 5d and e). In agree-
ment with the observation that Pd-11 protein was detect-
able in Panc 02 cells (Fig. 5a), the anti-PD-1-antibody
treatment impeded tumor growth and prolonged the
survival time of tumor-bearing mice (Fig. 5d and e). Fur-
thermore, the knockdown of Hat1 significantly increased
tumor infiltration of immune effectors including
CD45"'CD8" T cells and CD45'CD4" T cells, but
decreased the infiltration of CD11b*Grl" myeloid cells
in tumors (Fig. 5f). In agreement with the effect on
tumor regression, treatment with the anti-PD-1-antibody
after the knockdown of Hatl led to a further decrease in
tumor growth and an increase in CD45°CD8" and
CD45"CD4" T cell infiltration, but a greater decrease in
CD11b*Gr1" myeloid cells in tumors (Fig. 5f). There-
fore, our findings indicate that the knockdown of HAT1

improves the efficacy of immune checkpoint blockade by
decreasing the PD-L1 expression and in vivo.

HAT1 increases PD-L1 expression through BRD4 in
pancreatic cancer cells

Although HAT1 transcriptionally increased PD-L1 ex-
pression, but the underlying mechanism is not fully
understood. It has been documented that various
transcriptional factors, such as STAT3, MYC, p65 and
BRD4, could directly bind to the promoter of PD-L1 and
regulate the transcription of PD-L1 in cancer cells.
Moreover, HAT1 catalyzes the acetylation of H4K5 and
H4K12, which is essential for BRD4 binding to the
histone H4 and initiating the transcription. Herein, we
hypothesized that BRD4 was the key protein that medi-
ates the HAT1-induced PD-L1 expression. To test this
hypothesis, we knocked down HAT1 in PANC-1 cells
and treated them with or without the BRD4 inhibitors
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JQ1 (Fig. 6a and b). We found that the knockdown of
HAT]1 repressed PD-L1 expression and that these effects
were diminished by JQ1 treatment (Fig. 6a and b). Simi-
larly, the knockdown of the HAT1 induced PD-L1
downregulation was not significant after the knockdown
of BRD4 in PANC-1 cells (Fig. 6¢c and d). Conversely,
the ectopic expression of HAT1 significantly increased
the PD-L1 expression, but these effects were not appar-
ent after the knockdown of BRD4 in PANC-1 cells
(Fig. 6e and f). Notably, just as reported by other
groups, we checked the existing BRD4 ChIP-seq data
[27] and noticed that there is a BRD4 binding peak
in the promoter of the PD-LI gene (Fig. 6g). Thus,
we confirmed the binding of BRD4 by ChIP-qPCR in
PANC-1 cells (Fig. 6h). Consistently, JQ1 prevented
BRD4 binding to the promoter of PD-L1 and abol-
ished the effect of the HAT1 knockdown-induced

reduction in BRD4 binding to the PD-L1 promoter
(Fig. 6h). Collectively, these data suggest that HAT1
catalyzes the histone H4 acetylation and that the
BRD4 complex binds to the acetylated H4 to initiate
the transcription of PD-L1 (Fig. 6i).

Discussion

Histone acetyltransferases (HATs) and histone deacety-
lases (HDACs) influence DNA transcription through the
balance between histone acetylation and deacetylation
[28]. HAT1 acetylates newly synthesized histone H4 but
not nucleosomal histones and regulates the genes in-
volved in cell differentiation, proliferation, cell metabol-
ism and apoptosis [14—16]. HAT1 plays a critical role in
the tumorigenesis of digestive system cancer. It has been
well documented that HAT1 is an important determin-
ant in the regulation of the proliferation of esophageal
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and liver cancer cells in vivo and in vitro [14, 16]. More-
over, HAT1 is overexpressed in multiple types of cancer
and associated with poor prognosis [29]. In this study, we
demonstrate that HAT1 is upregulated and highly corre-
lated with poor prognosis in pancreatic cancer specimens.
The aberrant expression of HAT1 participates in promot-
ing tumor cell growth in pancreatic cancer.

The nonimmunogenic characteristics of pancreatic
cancer are responsible for the failure of immunotherapy.
Only a small portion of pancreatic cancer patient
specimens were positive for PD-L1, representing the best
candidates for PD-L1 blockade therapy. However, mono-
therapy with PD-L1 blockade has no effect on the sur-
vival time of pancreatic cancer patients. Given that the
expression level of PD-L1 plays a key role in determining
the efficacy of anti-PD-L1 therapy, understanding the
regulatory mechanism of PD-L1 in cancer cells sheds

new light on the exploration of novel therapy strategies
for cancer treatment. Recent studies showed that various
transcriptional factors, including BRD4 [30], MYC [31],
p65 [32] and STAT3 [33], could directly bind to the
PD-L1 promoter and initiate PD-L1 transcription. More-
over, RAS signaling is involved in regulating the mRNA
stabilization of PD-L1 in cancer cells [34]. Furthermore,
beyond the mRNA level regulation, it has been docu-
mented that the E3 ligase, SPOP [12], B-TrCP [35], and
the deubiquitinase CSN5 [36] participate in modulating
the stability of PD-L1 through the proteasome pathway.
In addition, the transmembrane proteins, CMTM4 and
CMTMS6, stabilize the PD-L1 protein via the lysosome
pathway [37, 38]. In our study, we demonstrate that
HAT1 is a novel regulator of PD-L1 at the transcrip-
tional level and that BRD4 might be an important medi-
ator of this process.
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Our data indicated that the knockdown of HAT1
blocked pancreatic cancer tumor growth (Fig. 2), but the
overexpression of HAT1 promoted the tumor growth in
vivo (Additional file 1: Figure S1). Our results further
showed that HAT1 regulated PD-L1 expression in pan-
creatic cancer (Fig. 3), and PD-L1 has been reported to
promote tumor cell growth not only via immune effects
but also through tumor cell-intrinsic signals, including
the regulation of autophagy and the mTOR pathway
[39]. Therefore, HAT1 might regulate cancer cell prolif-
eration via PD-L1. It has been well documented that
HAT1 could regulate the function of BRD4 or increase
the acetylation level of histones to influence the expres-
sion of a number of genes involved in apoptosis and glu-
cose metabolism [15, 16, 25], which was critical for the
cell viability and not involved in the PD-L1 effect.
Therefore, PD-L1 is partially responsible for promoting
the pancreatic cancer cell growth induced by HAT1 in
vivo, and this is confirmed by our results in Additional
file 1: Figure S2.

Our data indicated that HAT1 increased the PD-L1
expression in vivo and in vitro, which identifies HAT1 as
a previously unrecognized master regulator of this crit-
ical immune checkpoint. However, there is no small mo-
lecular inhibitor to specifically target HAT1. Recent
studies have indicated that ascorbate represses the
HAT1 expression via the TET-mediated DNA hydroxy-
methylation pathway [25]. Our findings suggest that
ascorbate could suppress PD-L1 expression by influen-
cing the HAT1 level in pancreatic cancer cells. Al-
though ascorbate is not a the specific inhibitor of
HAT]1, it may regulate PD-L1 expression through other
pathways. These data also suggest that ascorbate might
be a potential new avenue to overcome immune eva-
sion by tumor cells.

Conclusions

In summary, we proposed a new understanding of the
specific role of HAT1 in pancreatic cancer. We showed
that HAT1 is overexpressed in pancreatic cancer
specimens and highly correlated with poor prognosis in
pancreatic cancer. Furthermore, our results suggested
that HAT1 promoted cell proliferation in pancreatic
cancer cells. In particular, we demonstrated that HAT1
functioned as an important regulator in cancer immun-
ity via transcriptionally upregulating the PD-L1 level in
tumor cells. The recognition of HAT1 in the regulation
of PD-L1 expression suggests that HAT1 might be
employed as a new diagnostic and prognostic marker
and as a predictive marker for pancreatic cancer therapy,
especially in immune checkpoint blockade therapy.
Targeting HAT1 highlights a novel therapeutic target to
overcome immune evasion by tumor cells.
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Additional file 1: Overexpressed histone acetyltransferase 1 regulates
cancer immunity by increasing programmed death-ligand 1 expression in
pancreatic cancer. (PDF 544 kb)

Abbreviations

ChIP: Chromatin immunoprecipitation; HAT1: Histone acetyltransferase 1;
IHC: immunohistochemistry; MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; TMA:
tissue microarray; PDAC: Pancreatic ductal adenocarcinoma; PD-

L1: Programmed death-ligand 1

Acknowledgements
Not applicable.

Funding
This work was supported in part by grants from the Chinese National Natural
Science Foundation Grant No. 81702374.

Availability of data and materials
Please contact the author for data requests.

Authors’ contributions

PF and JZ performed the experiments and wrote the paper, ZM, HW and BW
collected the data. XJ and HW wrote the paper and analyzed the data. All
authors read and approved the final manuscript.

Ethics approval and consent to participate

The study was conducted in accordance with the principles of the
Declaration of Helsinki principles. It was approved by the Animal Use and
Care Committees at Tongji Medical College, Huazhong University of Science
and Technology.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Pancreatic Surgery, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China.
“Operating Room, Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan 430022, China.

Received: 25 September 2018 Accepted: 16 January 2019
Published online: 01 February 2019

References

1. Moyer MT, Gaffney RR. Pancreatic adenocarcinoma. N Engl J Med. 2014;
371:2140.

2. Garrido-Laguna |, Hidalgo M. Pancreatic cancer: from state-of-the-art
treatments to promising novel therapies. Nat Rev Clin Oncol. 2015;12:319-34.

3. Torphy RJ, Zhu Y, Schulick RD. Immunotherapy for pancreatic cancer:
barriers and breakthroughs. Ann Gastroenterol Surg. 2018;2:274-81.

4. Foucher ED, Ghigo C, Chouaib S, Galon J, lovanna J, Olive D. Pancreatic ductal
adenocarcinoma: a strong imbalance of good and bad immunological cops in
the tumor microenvironment. Front Immunol. 2018;9:1044.

5. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

6. Dong H, Zhu G, Tamada K, Chen L. B7-H1, a third member of the B7 family,
co-stimulates T-cell proliferation and interleukin-10 secretion. Nat Med.
1999;5:1365-9.


https://doi.org/10.1186/s13046-019-1044-z

Fan et al. Journal of Experimental & Clinical Cancer Research

20.

21.

22.

23.

24,

25.

26.

27.

28.

Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, Roche PC, Lu J,
Zhu G, Tamada K, et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a
potential mechanism of immune evasion. Nat Med. 2002,8:793-800.

Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz LJ,
Malenkovich N, Okazaki T, Byrne MC, et al. Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member leads to negative
regulation of lymphocyte activation. J Exp Med. 2000;192:1027-34.

Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell
death. EMBO J. 1992;11:3887-95.

Socinski MA, Jotte RM, Cappuzzo F, Orlandi F, Stroyakovskiy D, Nogami N,
Rodriguez-Abreu D, Moro-Sibilot D, Thomas CA, Barlesi F, et al.
Atezolizumab for first-line treatment of metastatic nonsquamous NSCLC. N
Engl J Med. 2018;378:2288-301.

Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, Drake CG,
Camacho LH, Kauh J, Odunsi K, et al. Safety and activity of anti-PD-L1 antibody
in patients with advanced cancer. N Engl J Med. 2012;366:2455-65.

Zhang J, Bu X, Wang H, Zhu Y, Geng Y, Nihira NT, Tan Y, Ci Y, Wu F, Dai X,
et al. Cyclin D-CDK4 kinase destabilizes PD-L1 via cullin 3-SPOP to control
cancer immune surveillance. Nature. 2018,553:91-5.

Makowski AM, Dutnall RN, Annunziato AT. Effects of acetylation of histone
H4 at lysines 8 and 16 on activity of the Hat1 histone acetyltransferase. J
Biol Chem. 2001,276:43499-502.

Xue L, Hou J, Wang Q, Yao L, Xu S, Ge D. RNAI screening identifies HAT1 as
a potential drug target in esophageal squamous cell carcinoma. Int J Clin
Exp Pathol. 2014;7:3898-907.

Han N, Shi L, Guo Q, Sun W, Yu'Y, Yang L, Zhang X, Zhang M. HAT1 induces
lung cancer cell apoptosis via up regulating Fas. Oncotarget. 2017,8:89970-7.
Jin X, Tian'S, Li P. Histone acetyltransferase 1 promotes cell proliferation and

induces cisplatin resistance in hepatocellular carcinoma. Oncol Res. 2017,25:939-46.

Miao BP, Zhang RS, Yang G, Sun JJ, Tang YY, Liang WF, Liu T, Wen Z, Yang
PC, Nie GH. Histone acetyltransferase 1 up regulates Bcl2L12 expression in
nasopharyngeal cancer cells. Arch Biochem Biophys. 2018,646:72-9.

Wang B, Fan P, Zhao J, Wu H, Jin X, Wu H. FBP1 loss contributes to BET
inhibitors resistance by undermining c-Myc expression in pancreatic ductal
adenocarcinoma. J Exp Clin Cancer Res. 2018;37:224.

Fan P, Wang B, Meng Z, Zhao J, Jin X. PEST is transcriptionally regulated by
BRD4 and promotes cell proliferation and glycolysis in hepatocellular
carcinoma. Int J Biochem Cell Biol. 2018;104:1-8.

Jin X, Yan'Y, Wang D, Ding D, Ma T, Ye Z, Jimenez R, Wang L, Wu H, Huang
H. DUB3 promotes BET inhibitor resistance and Cancer progression by
deubiquitinating BRD4. Mol Cell. 2018;71:592-605 e5%4.

Jin X, Pan'Y, Wang L, Zhang L, Ravichandran R, Potts PR, Jiang J, Wu H,
Huang H. MAGE-TRIM28 complex promotes the Warburg effect and
hepatocellular carcinoma progression by targeting FBP1 for degradation.
Oncogenesis. 2017,6:e312.

Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic
Acids Res. 2017;45:W98-W102.

Feng M, Xiong G, Cao Z, Yang G, Zheng S, Song X, You L, Zheng L, Zhang
T, Zhao Y. PD-1/PD-L1 and immunotherapy for pancreatic cancer. Cancer
Lett. 2017;407:57-65.

Wartenberg M, Cibin S, Zlobec |, Vassella E, Eppenberger-Castori S,
Terracciano L, Eichmann MD, Worni M, Gloor B, Perren A, Karamitopoulou E.
Integrated genomic and Immunophenotypic classification of pancreatic
Cancer reveals three distinct subtypes with prognostic/predictive
significance. Clin Cancer Res. 2018;24(18):4444-454.

Mustafi S, Camarena V, Volmar CH, Huff TC, Sant DW, Brothers SP, Liu ZJ,
Wahlestedt C, Wang G. Vitamin C Sensitizes Melanoma to BET Inhibitors.
Cancer Res. 2018;78:572-83.

Notta F, Chan-Seng-Yue M, Lemire M, Li Y, Wilson GW, Connor AA,
Denroche RE, Liang SB, Brown AM, Kim JC, et al. A renewed model of
pancreatic cancer evolution based on genomic rearrangement patterns.
Nature. 2016;538:378-82.

Zhang P, Wang D, Zhao Y, Ren S, Gao K, Ye Z, Wang S, Pan CW, Zhu Y, Yan
Y, et al. Intrinsic BET inhibitor resistance in SPOP-mutated prostate cancer is

mediated by BET protein stabilization and AKT-mTORCT activation. Nat Med.

2017;23:1055-62.

Yang X, Li L, Liang J, Shi L, Yang J, Yi X, Zhang D, Han X, Yu N, Shang V.
Histone acetyltransferase 1 promotes homologous recombination in DNA
repair by facilitating histone turnover. J Biol Chem. 2013;288:18271-82.

(2019) 38:47

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12 of 12

Min SK, Koh YH, Park Y, Kim HJ, Seo J, Park HR, Cho SJ, Kim IS. Expression of
HAT1 and HDACT, 2, 3 in diffuse large B-cell lymphomas, peripheral T-cell
lymphomas, and NK/T-cell lymphomas. Korean J Pathol. 2012;46:142-50.
Zhu H, Bengsch F, Svoronos N, Rutkowski MR, Bitler BG, Allegrezza MJ,
Yokoyama Y, Kossenkov AV, Bradner JE, Conejo-Garcia JR, Zhang R. BET
Bromodomain inhibition promotes anti-tumor immunity by suppressing
PD-L1 expression. Cell Rep. 2016;16:2829-37.

Casey SC, Tong L, Li Y, Do R, Walz S, Fitzgerald KN, Gouw AM, Baylot V,
Gutgemann |, Eilers M, Felsher DW. MYC regulates the antitumor immune
response through CD47 and PD-L1. Science. 2016;352:227-31.

Maeda T, Hiraki M, Jin C, Rajabi H, Tagde A, Alam M, Bouillez A, Hu X, Suzuki
Y, Miyo M, et al. MUC1-C induces PD-L1 and immune evasion in triple-
negative breast Cancer. Cancer Res. 2018;78:205-15.

Sasidharan Nair V, Toor SM, Ali BR, Elkord E. Dual inhibition of STATT and
STAT3 activation downregulates expression of PD-LT in human breast
cancer cells. Expert Opin Ther Targets. 2018,22:547-57.

Coelho MA, de Carne Trecesson S, Rana S, Zecchin D, Moore C, Molina-
Arcas M, East P, Spencer-Dene B, Nye E, Barnouin K, et al: Oncogenic RAS
signaling promotes tumor Immunoresistance by stabilizing PD-LT mRNA.
Immunity 2017, 47:1083-1099 e1086.

Li CW, Lim SO, Xia W, Lee HH, Chan LC, Kuo CW, Khoo KH, Chang SS, Cha
JH, Kim T, et al. Glycosylation and stabilization of programmed death
ligand-1 suppresses T-cell activity. Nat Commun. 2016;7:12632.

Lim SO, Li CW, Xia W, Cha JH, Chan LC, Wu Y, Chang SS, Lin WC, Hsu JM,
Hsu YH, et al. Deubiquitination and stabilization of PD-L1 by CSN5. Cancer
Cell. 2016;30:925-39.

Mezzadra R, Sun C, Jae LT, Gomez-Eerland R, de Vries E, Wu W, Logtenberg
MEW, Slagter M, Rozeman EA, Hofland |, et al. Identification of CMTM6 and
CMTM4 as PD-L1 protein regulators. Nature. 2017;549:106-10.

Burr ML, Sparbier CE, Chan YC, Williamson JC, Woods K, Beavis PA, Lam EYN,
Henderson MA, Bell CC, Stolzenburg S, et al. CMTM6 maintains the expression
of PD-L1 and regulates anti-tumour immunity. Nature. 2017,549:101-5.

Clark CA, Gupta HB, Sareddy G, Pandeswara S, Lao S, Yuan B, Drerup JM,
Padron A, Conejo-Garcia J, Murthy K, et al. Tumor-intrinsic PD-L1 signals
regulate cell growth, pathogenesis, and autophagy in ovarian Cancer and
melanoma. Cancer Res. 2016;76:6964-74.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstracts
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Cell culture
	Plasmids, antibodies and chemicals
	Western blot of cells and tissue specimens
	Real-time RT-PCR
	Chromatin immunoprecipitation (ChIP) and ChIP-qPCR
	Tissue microarray and immunohistochemistry (IHC)
	RNA interference
	Cell proliferation assay
	Generation of PDAC xenografts in nude mice
	Survival analysis and correlation analysis using the GEPIA web tool
	Generation and treatment of Panc 02 xenografts in mice
	Flow cytometry analysis
	Statistical analysis

	Results
	HAT1 is up-regulated in PDAC and associated with poor prognosis in PDAC patients
	HAT1 promotes cell proliferation in pancreatic cancer in vivo and in vitro
	HAT1 transcriptionally increases PD-L1 expression in pancreatic cancer cells
	PD-L1 is positively correlated with HAT1 in PDAC patient specimens
	Knockdown of HAT1 improves the efficacy of immune checkpoint blockade by decreasing the PD-L1 expression in vivo
	HAT1 increases PD-L1 expression through BRD4 in pancreatic cancer cells

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

